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Abstract

Understanding skeletal diversification involves knowing not only how skeletal rudiments are shaped

embryonically, but also how skeletal shape changes throughout life. The pharyngeal arch (PA) skeleton of

metamorphosing amphibians persists largely as cartilage and undergoes two phases of development

(embryogenesis and metamorphosis) and two phases of growth (larval and post-metamorphic). Though

embryogenesis and metamorphosis produce species-specific features of PA cartilage shape, the extents to which

shape and size change during growth and metamorphosis remain unaddressed. This study uses allometric

equations and thin-plate spline, relative warp and elliptic Fourier analyses to describe shape and size

trajectories for the ventral PA cartilages of the frog Xenopus laevis in tadpole and frog growth and

metamorphosis. Cartilage sizes scale negatively with body size in both growth phases and cartilage shapes scale

isometrically or close to it. This implies that most species-specific aspects of cartilage shape arise in

embryogenesis and metamorphosis. Contributions from growth are limited to minor changes in lower jaw (LJ)

curvature that produce relative gape narrowing and widening in tadpoles and frogs, respectively, and most

cartilages becoming relatively thinner. Metamorphosis involves previously unreported decreases in cartilage size

as well as changes in cartilage shape. The LJ becomes slightly longer, narrower and more curved, and the adult

ceratohyal emerges from deep within the resorbing tadpole ceratohyal. This contrast in shape and size changes

suggests a fundamental difference in the underlying cellular pathways. The observation that variation in PA

cartilage shape decreases with tadpole growth supports the hypothesis that isometric growth is required for

the metamorphic remodeling of PA cartilages. It also supports the existence of shape-regulating mechanisms

that are specific to PA cartilages and that resist local adaptation and phenotypic plasticity.
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Introduction

The shape of skeleton is arguably the most important mor-

phological trait for studying the evolutionary history of

vertebrate animals. Although vertebrate skeletons adhere

to a relatively conserved body plan (Goodrich, 1930) and

have relatively few histological types (Hall, 2005), verte-

brate cartilages and bones exhibit an almost boundless

array of shapes (Gregory, 1933; de Beer, 1937; Carroll,

1987; Alexander, 1994; Kardong, 2012). This is because the

shape of a skeletal element to a large degree reflects its

function (Cuvier, after Russell, 1916; Alexander, 1994), and

skeletal function is labile in both development and evolu-

tion (Murray, 1936; Carroll, 1987; Kardong, 2012). The

diverse shapes of load-bearing bones and cartilages reflect

the many ways that vertebrate animals feed, breath and

move (Schwenk, 2000; Biewener, 2005). Skeletal elements

are also shaped for many more specific functions ranging

from display, protection and heat diffusion to sound pro-

duction, sensory perception and reproductive behavior. In

addition, skeletal shape is a major determinant of body

form and of the general arrangement of musculature,

nerves and blood vessels (Goodrich, 1930; de Beer, 1937;

Presley, 1993; Olsson et al. 2001; Ericsson et al. 2004). The

embryonic tissues that form skeleton also directly influence

the development of other tissues, including muscles, nerves

and epithelia (Schneider & Helms, 2003; Ericsson & Olsson,

2004; Ericsson et al. 2009). These qualities and its preserv-

ability in the fossil record make the skeleton a very large

and informative dataset for describing diversification.
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Understanding this diversification requires understanding

how skeletal shape develops and evolves at the level of

individual tissues.

Research on the evolutionary developmental biology of

skeletal shape proceeds largely on two fronts. On one front,

developmental geneticists are unraveling how embryonic

cells condense and differentiate into skeletal rudiments with

species-specific shapes. Research on the jaw and throat, or

pharyngeal arch (PA), skeleton has revealed an interplay

between homeotic gene expression in migrating neural

crest cells and signaling from PA tissues that determines the

shape and arrangement of neural crest-derived cartilages

(Gendron-Maguire & Gridley, 1993; Rijli et al. 1993; Gram-

matopoulos et al. 2000; Pasqualetti et al. 2000; Beverdam

et al. 2002; Depew et al. 2002; Miller et al. 2003; Ruhin

et al. 2003; Abzhanov & Tabin, 2004; summary by Rose,

2009). Interspecific differences in bird beak shape result

from differential amounts of bone morphogenetic protein

and calmodulin signaling that affect the pattern and rate of

cell division within the beak condensation (Abzhanov et al.

2004, 2006; Wu et al. 2004, 2006; Mallarino et al. 2011).

More recent research addresses the mechanisms underlying

ontogenetic changes and interspecific and ecophenotypic

differences in the shapes of limb cartilages and bones (Far-

num et al. 2008a,b; Cooper et al. 2013; Serrat, 2014).

On the other front, functional and developmental mor-

phologists have long used exponential equations to

describe patterns of bone growth and variation in bone

shape (Galilei, 1638; Huxley, 1932; Gould, 1966; McNamara,

1982; Schmidt-Nielsen, 1984; Strauss, 1993). Growth allome-

tries that relate bone shape to body size at different stages

within a species show that mammal limb bones generally

become relatively thinner as they grow (Biewener, 2005). In

contrast, static allometries that relate bone shape to body

size in the adults of related species show that small and

large species of mammals and birds generally have bones of

similar shape (McMahon, 1973, 1975; Alexander et al. 1979;

Prange et al. 1979; Prothero & Sereno, 1982; Prothero,

1992; Biewener, 2005). Allometries are also used to look for

differences that arise independently of body size between

the sexes, between experimental and control animals, and

among related taxa (Gould, 1974; McFadden et al. 1986;

Kieser & Groeneveld, 1992; Pyenson et al. 2013).

Understanding the relative contributions of development

and growth to skeletal shape requires bringing these two

research approaches together, a task for which the PA skel-

eton of amphibians is particularly well suited. PA skeletons

are formed entirely from cranial neural crest cells that

migrate into pharyngeal arches (Sadaghiani & Thi�ebaud,

1987; Hall, 1999). Their embryonic formation is largely com-

plete by the pharyngula stage, when vertebrate embryos

have generally conserved morphologies (von Baer, 1828;

Haeckel, 1880; Ballard, 1981) and gene expression (Irie &

Kuratani, 2011), yet the shapes of adult PA skeletons vary

dramatically among taxa (de Beer, 1937). Also, amphibian

PA skeletons consist largely of rod-, bar- and plate-shaped

elements that, unlike other parts of the skull, do not lie

adjacent to sense organs or brain and persist mostly as carti-

lage until after metamorphosis (Rose, 2009). These condi-

tions help narrow the focus to how cartilage cells alone

contribute to cartilage growth and shape change. Cartilage

differs from bone in being sealed off, i.e. not penetrated by

nerves or blood vessels, and growing via cell behaviors

inside the tissue as well as on its surface (Hall, 2005; Rose,

2009). Cartilage shape is thus an emergent property arising

from the collective activities of all cells that contribute to

the cartilage throughout life (Rose, 2009).

The amphibian PA skeleton is also uniquely required to

support feeding and breathing in two habitats, an aquatic

one followed by a terrestrial one. It thus undergoes two

periods of development: embryogenesis and metamorpho-

sis; and two periods of growth: larval and post-metamor-

phic. Whereas embryogenesis typically involves the

patterning and differentiation of new skeletal elements,

metamorphosis additionally involves loss and change in the

size, shape and arrangement of existing elements (Rose &

Reiss, 1993; Rose, 2003). Having multiple periods of devel-

opment and growth suggests more opportunity for phylo-

genetic diversification. Indeed, amphibian PA elements

show pronounced interspecific differences in PA skeletal

shape that arise during metamorphosis as well as embryo-

genesis (Smith, 1920; Wilder, 1925; Wassersug & Hoff, 1982;

Ruibal & Thomas, 1988; Haas et al. 2006, 2014; Ziermann

et al. 2013). Further, the embryonic repatterning of certain

larval elements and the metamorphic appearance of a new

adult element have been identified as key innovations in

salamander evolution (Wake, 1982; Alberch & Gale, 1986;

Alberch, 1987).

Despite many anatomical descriptions of PA skeletal

development in metamorphosing frogs and salamanders

(Pusey, 1938; Sedra & Michael, 1957, 1958; van der Westhui-

zen, 1961; Chacko, 1965a; Wassersug & Hoff, 1982; Wiens,

1989; Hall & Larsen, 1998; Haas, 1999; Rose, 2003), there has

been little attempt to quantify changes in the shape and

size of individual elements or to assess the contribution of

growth to species-specific features of skeletal shape. This

study uses allometric equations and thin-plate spline (TPSA),

relative warp (RWA) and elliptic Fourier (EFA) analyses to

describe shape and size changes of the ventral PA cartilages

of the frog Xenopus laevis in tadpole and frog growth and

metamorphosis. These cartilages in tadpoles include in the

lower jaw (LJ) Meckels cartilage (MC) and the infrarostral

cartilage (IR), the ceratohyal (CH) and the branchial arch

cartilages (BA). These cartilages have distinct larval shapes

and remodel differently at metamorphosis: the LJ and CH

acquire new adult shapes, and the BA are replaced by alar

and thyroid processes (AP, TP; Sedra & Michael, 1957). This

study also compares shape changes in larval and post-meta-

morphic growth, examines the effects of growth and devel-

opment on shape variation in larvae, and distinguishes
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between changes in cartilage size and shape at metamor-

phosis.

Materials and methods

Specimen rearing

Specimens were produced from overnight matings of Xenopus la-

evis injected with 200–500 units of human chorionic gonadotropin

(Sigma, St Louis, MI, USA; C1063); females were preinjected with

50–100 units of pregnant mares serum gonadotropin (Sigma G4877)

4 days previously. Tadpoles and metamorphosing specimens were

reared under natural lighting at room temperature (22–24 °C) in 0.1

9 Marc’s Modified Ringers, and fed every 1–2 days with a blended

suspension of Frog Brittle for Tadpoles (NASCO); partial water

changes were done every week. Frogs were raised at 18–20 °C

under a 12 : 12 h light : dark cycle in dechlorinated tap water, and

fed Sinking Frog Pellets (Xenopus Express); complete water changes

were done every 2–3 days. Tadpoles and most frogs were sampled

at regular intervals, killed by a 5-min immersion in 0.2% MS222

(Sigma), fixed for 24 h in 10% neutral buffered formalin, and

staged using the Nieuwkoop Faber (NF) staging system for Xenopus

laevis (Nieuwkoop & Faber, 1956). Some frogs died from natural

causes in the lab colony, and some males were killed in 0.2% benzo-

caine (Sigma) and frozen prior to fixation.

The specimens used to quantify cartilage size and shape changes

throughout life included 4–10 individuals for each stage from NF 46

to 66 (145 in total) and 28 frogs ranging from 2 weeks after NF 66

to adult. The frogs included 13 males with snout–vent lengths (SVLs)

of 18–66 mm and 12 females with SVLs of 20–118 mm. The speci-

mens used to control for differences in body size when estimating

changes in cartilage size and shape at metamorphosis included 36

at NF 58/59 and 32 at NF 66; the latter were anesthetized in 0.1%

benzocaine for photographing at NF 58/59. This research has

received IACUC approval and conforms to NIH guidelines.

Data collection

To obtain body size in tadpoles and metamorphs, measurements

were taken from ventral-view photographs of anesthetized or killed

specimens using the criteria in Appendix 1 and Fig. 1a. Snout–belly

length (SBL) was selected over SVL as the vent is difficult to identify

in ventral-view in small tadpoles and SVL is inflated by dispropor-

tionate growth of the hind legs in large tadpoles. To obtain head

size in the NF 58/9 specimens used to control for differences in body

size, two measures of head width and one of head length were

obtained from photographs (Appendix 2; Fig. 1a) and summed. To

obtain body size in frogs, SVLs were measured using calipers. When

possible, frogs were sexed using the presence of cloacal lips and dif-

ferentiated gonads.

To obtain skeletal data, heads or entire specimens were stained

with Alcian blue for cartilage and Alizarin red for bone, and cleared

in glycerol. PA skeletons were photographed in ventral view before

and after dissection; the pre-dissection photographs were taken as

a precaution against possible damage to PA elements during dissec-

tion and to test for shape distortion due to dissection. All photos

were taken using a Zeiss Stemi SV 11 dissecting scope. Landmarks

for the MC, IR, CH, BA, AP and TP were marked on post-dissection

photographs using Adobe Photoshop following the criteria in

Appendix 1 and Fig. 1b–e. Landmarks were then digitized using

NIH IMAGEJ, and the X- and Y-coordinates were used to calculate

cartilage dimensions in Microsoft Excel. The dimensions for paired

structures were averaged before analysis. Replicate data for esti-

mating measurement error were collected from three replicate pho-

tographs for each of a NF 46, 54 and 59 specimen; the cartilages

were repositioned in the glycerol prior to each photograph. Repli-

cates were included in all analyses.

Bivariate analyses

Allometric equations of the form y = mxa were calculated for tad-

poles and frogs by ordinary least-squares regression of log-trans-

formed dimensions. The pairs of dependent and independent

variables selected for this analysis included the greatest dimensions

of skeletal elements and body size, the minor and major dimensions

of the rectangles that enclose each element, and specific widths of

elements and their greatest dimension (see Fig. 1 and Appendices 1

and 2 for specific dimensions). Allometries were compared using SAS

9.3 to test for significant differences in a, which is the slope of a lin-

ear regression equation generated using log-transformed dimen-

sions. A general linear model with group and interaction terms was

used to test for differences between stages, between sexes and

among cartilages within a stage. A general linear model with a

MTEST statement was used to test for differences among multiple

dependent variables regressed against the same independent vari-

able, for example multiple widths of a cartilage regressed against

its maximum dimension. The 95% confidence limits for a were also

calculated to identify values that differed from 1 at P = 0.05.

Multivariate analyses

Multivariate analyses were done on larval elements using right and

reflected left elements, meaning that each specimen was repre-

sented by two right-sided shapes (which appear left-sided in the

conventional ventral view of PA elements).

Thin-plate spline analyses and RWAs were performed for the lar-

val LJ, CH and BA (N = 174, 172, 144) using the shapes package for R

(Dryden, 2013) and TPSRELW (Rohlf, 2013); landmark coordinates were

first corrected for differences in shape size, position and orientation

by generalized Procrustes analysis in R. TPSA compares two configu-

rations of landmarks by interpolating differences in the spacing of

homologous landmarks to produce a deformation grid that reveals

global (or uniform) and local (or non-uniform) differences between

the two configurations. It further deconstructs the non-uniform

deformation into separate components at different spatial scales

(partial warps) and calculates their relative contributions to the total

deformation (partial warp scores; Zelditch et al. 2004). RWA is a

principal component analysis of the partial warps scores that are

generated by deforming the average configuration for a sample of

shapes to fit the landmark configurations of each individual shape.

Elliptic Fourier analyses were performed for the larval CH and BA

(N = 154, 132) using SHAPE 1.3 (Iwata & Ukai, 2002). EFA calculates

the coefficients of sine and cosine waves that when added together

reconstruct the two curves that are created for a shape by plotting

its X- and Y-values as functions of distance traveled along the shape

or contour (Kuhl & Giardina, 1982). Typically, each X-curve and each

Y-curve are reconstructed from 10 sine and 10 cosine waves with

wavelengths of 1, 1/2, 1/3, . . ., 1/10 9 the total distance along the

contour. The first three coefficients generated for each contour are

always 1 or 0, so only the remaining 37 coefficients are used for

principal component analysis.
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To identify the extreme shapes in each principal component

analysis, Mahalanobis distances were calculated in SAS 9.3 using the

first five principal component scores. This measure shows how far

each individual shape is from the average shape after correcting

the principal component scores for unequal variance along and

unequal covariance among the different component axes.

Results

Anatomy and general observations

Though well described in the literature (Sedra & Michael,

1957; Trueb & Hanken, 1992), the anatomy of the ventral

PA skeleton of Xenopus is reviewed here to provide back-

ground for shape and size changes that have not been

described previously. In tadpoles (Fig. 2), the LJ is comprised

of a small median infrarostral and long, gently curving MC

that together resemble half of an archer’s bow in frontal

view; each has a blocky outline in sections perpendicular to

its central axis. The CH is a broad bar with uniquely irregular

outlines at each point along its central axis. The four BA,

which are treated here as one unit, are fused medially and

laterally, and each has a dorsal process with finely branch-

ing surfaces (gill filters) that support food collecting and

respiratory epithelia (Gradwell, 1975). The dorsal processes

of the anterior- and posterior-most BA have smooth outer

surfaces that are continuous with dorsal expansions of the

fused medial and lateral edges, forming an enclosed space

or branchial basket.

In frogs (Fig. 2), the MC and infrarostral are indistinguish-

ably fused, and the LJ resembles half of a U in frontal view,

has a cylindrical outline and is fully encased by dermal

bones. The CH is a slender, almost straight rod referred to

as the hyale (though the term CH is used here to facilitate

tadpole–frog comparisons). The BAs have been replaced

medially by a hyoglossal plate with a hyoglossal foramen

(HGF) and laterally by two paired posterolaterally aligned

processes, the AP and TP. The AP is plate-like and wider pos-

teriorly than anteriorly, and the TP is cylindrical and resem-

bles a long bone in becoming endochondrally ossified in its

middle region. The larynx and the plate-like ‘lamellae of

juvenile cartilage’ that appear along anterior edges of the

CH and AP in older frogs (Fig. 1e; see also Sedra & Michael,

a b c

d

e

Fig. 1 Landmarks and dimensions used for morphometric analyses. Landmarks and dimensions used to measure body size and head size in NF

stages ≤ 66 (a) and size and shape of lower jaw skeleton (LJ), ceratohyal (CH), branchial arch (BA), alar process (AP) and thyroid process (TP) carti-

lages and hyoglossal foramen (HGF) in NF stages 46–59 (b), 59–66 (c), 66+ to adults (d) and medium to large adults (e). All landmark and dimen-

sions are described in Appendices 1 and 2.
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1957) are not included in this study because of difficulty in

distinguishing their parts or edges and inconsistent chondri-

fication.

The rate of change in cartilage shape changes abruptly at

NF 59 for all three larval elements, and at NF 66 for the LJ

and CH (Fig. 3a); the change at NF 66 is difficult to show

graphically as body size decreases from NF 59 to 66 and

increases thereafter and no stages are available after NF 66.

NF 59 and 66 were thus used to demarcate three stage cate-

gories for analyzing cartilage size and shape change: tad-

pole growth (NF 46–59); metamorphosis (NF 59–66); and

frog growth (≥ NF 66). This contrasts with the staging table

for Xenopus laevis, which recognizes metamorphosis as

starting at NF 58 (Nieuwkoop & Faber, 1956). As NF 59 and

NF 66 specimens were each included in two categories, they

were assigned both kinds of landmarks.

Most regressions of log-transformed dimensions yielded

R-values above 0.90 (Tables 1–5), indicating that relation-

ships generally fit the model y = mxa. Replicate measure-

ments of dimensions indicated precision ranges of � 2–7

and 10–50 lm for the cartilage dimensions of NF 46 and 59

tadpoles, respectively; these values correspond to � 0.2–

1.0% of the largest cartilage dimensions. TPS deformation

grids comparing cartilages before and after dissection (not

shown) indicated negligible effects of dissection on shape

for all elements.

Cartilage size and shape in tadpole growth (NF 46–

59)

The greatest dimensions of the tadpole LJ, CH and BA all

scale negatively with body size (Fig. 3c) and with signifi-

cantly different a-values from each other (Table 1).

The general shapes of the LJ, CH and BA as defined by

their enclosing rectangles (Fig. 1b) scale at or close to isom-

etry (Fig. 3d; Table 2). Whereas the CH rectangle scales with

isometry (meaning that the a-value for relating CH width to

length is not significantly different from 1), the LJ rectangle

increases relatively faster in depth than width and the BA

rectangle increases relatively slower in width than length.

The four width measurements of the LJ scale negatively

with LJ size, meaning that both the MC and infrarostral

become relatively thinner with growth (Fig. 3e; Table 3).

According to the a-values, relative thinning of the MC is

greatest in the central part (width4) and least near the joint

(width3).

Thin-plate spline analysis grids that deform average NF 46

shapes to fit average NF 59 shapes and comparisons of

Fig. 2 Series of dissected, skeletally stained PA skeletons from NF stages 46 to 66+. Ventral views, blue is cartilage, red is bone, scale bars are 5

mm and apply to all panels, except the second one in which the NF 46 skeleton is expanded to be comparable in size with the NF 50 skeleton,

the NF 46 skeleton was not dissected because of its small size. NF 46–59 covers tadpole growth, NF 59–66 covers metamorphosis and the NF 66–

66+ series shows the separation of the LJ cartilage into two pieces at the end of metamorphosis.
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EFA-generated average contours for these stages (Fig. 4)

both support the shape changes indicated by the allometric

analysis. The grids, which average left- and right-side shapes

(Fig. 4a–c), additionally reveal minor changes in relative size

and orientation of parts within each element. The infraros-

tral becomes relatively smaller and more laterally aligned,

and the posteromedial process of the CH and posterior tip

of the B shift laterally. Comparing average contours

(Fig. 4d,e) additionally reveals features that are slight or

non-evident at NF 46 becoming more pronounced at NF 59.

These include concavities on the medial and lateral edges

of the CH and the lateral indentation of the BA, which

accommodates the systemic aortic arch artery (E7 in Fig. 1a).

TPS grids produced using separate left and right elements

reveal slight changes in orientation of the CH and BA rela-

tive to the body (Fig. 4f-h). The CH becomes aligned more

longitudinally and the BA becomes aligned more laterally.

Grids comparing average shapes for consecutive stages from

NF 46 to 59 (not shown) indicate that shape changes gradu-

ally in growth and there is no noticeable change associated

with the appearance at NF 55 of the medial angulosplenial

bone next to the MC and its subsequent growth.

The first and second principle components of RWAs for

the LJ, CH and BA (Fig. 5a,e,m) and of EFAs for the CH and

BA (Fig. 5i,q) explain 36–56% and 16–26% of the variation

in shapes, respectively. Comparing the lowest and highest

stages in each analysis (Fig. 5b,f,j,n,r), NF 46 shapes have lit-

tle or no overlap with NF 59 shapes and have a larger

a b

c

e

d

Fig. 3 Size and shape trajectories for body

size and PA skeleton for tadpoles and

metamorphs. (a) Ratios of minor to major

dimensions of lower jaw (LJ), ceratohyal (CH)

and branchial arch (BA) cartilage rectangles

vs. stage for tadpoles and metamorphs; (b)

body size vs. stage for tadpoles and

metamorphs; (c) log of major dimension of

LJ, CH and BA vs. log of body size for

tadpoles; (d) log of minor dimension of LJ,

CH and BA cartilage rectangles vs. log of

their major dimension for tadpoles; (e) log of

LJ widths vs. log of LJ greatest dimension for

tadpoles.
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Table 1 Regression data for major cartilage dimensions vs. body size in tadpoles and frogs.

Tadpoles a R N Frogs a R N

P-value for tadpoles and

frogs having the same a

LJ widthA vs. sbl 0.857 0.991 73 Bony LJ widthA vs. svl 0.861 0.989 32 0.8750 (N = 105)

CH length1 vs. sbl 0.825 0.992 73 CH length2 vs. svl 0.896 0.985 30 0.0106 (N = 103)

BA length vs. sbl 0.954 0.993 68 AP length vs. svl 1.006* 0.994 29

TP length vs. svl 1.143 0.973 29

P-value for regressions

above having the same a

< 0.0001

(N = 67)

P-value for four regressions

above having the same a

< 0.0001 (N = 25)

Cart. LJ widthB vs. svl 0.820 0.992 31

Bony LJ depthA vs. svl 0.903 0.991 32

HGF length vs. svl 0.848 0.976 29

AP, alar process; BA, branchial arch cartilage; CH, ceratohyal cartilage; HGF, hyoglossal foramen; LJ, lower jaw; TP, thyroid process.

*a not significantly different from 1 at P = 0.05.

Table 2 Regression data for major vs. minor dimensions of element-enclosing rectangles in tadpoles and frogs.

Tadpoles a R N Frogs a R N

P-value for tadpoles

and frogs having

the same a

LJ depthA vs. widthA 1.089 0.983 87 Bony LJ depthA vs. widthA 1.013* 0.981 33 0.0713 (N = 120)

CH width1 vs. length1 0.985* 0.985 87 CH width2 vs. length2 0.464 0.771 31 0.0117 (N = 118)

BA width vs. length 0.947 0.993 82 Cartilage LJ depthB vs. widthB 0.619 0.938 31

P-value for regressions above

having same a

0.0053

(N = 256)

Bony LJ depthC vs. widthC 1.023* 0.955 8

BA, branchial arch cartilage; CH, ceratohyal cartilage; LJ, lower jaw.

*a not significantly different from 1 at P = 0.05.

Table 3 Regression data for other skeletal dimensions in tadpoles and frogs.

Tadpoles a R N Frogs a R N

LJ width1 vs. widthA 0.729 0.856 87 Cartilage LJ width5 vs. widthB 0.424 0.596 31

LJ width2 vs. widthA 0.772 0.925 87 Bony LJ width6 vs. widthA 0.916* 0.963 33

LJ width3 vs. widthA 0.880 0.972 87 Bony LJ width7 vs. widthA 0.662 0.639 8

LJ width4 vs. widthA 0.641 0.888 87 Bony LJ width8 vs. widthA 0.664 0.836 8

P-value for four regressions above

having the same a

< 0.0001 (N = 87) CH width2 vs. length2 0.464 0.771 31

CH width3 vs. length2 0.497 0.770 31

CH width4 vs. length2 0.845 0.904 31

CH width5 vs. length2 0.433 0.699 31

P-value for four regressions above having

the same a

< 0.0001 (N = 31)

AP width1 vs. length 0.900* 0.874 30

AP width2 vs. length 0.950* 0.903 30

AP width3 vs. length 1.262 0.974 30

P-value for three regressions above having

the same a

0.001 (N = 30)

TP width vs. length 0.858 0.975 30

HGF width vs. length 0.948* 0.611 30

AP, alar process; CH, ceratohyal cartilage; HGF, hyoglossal foramen; LJ, lower jaw; TP, thyroid process.

*Not significantly different from 1 at P = 0.05.
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spread for all elements in all analyses except the CH in EFA

and the BA in RWA. The spreads of replicates for NF 46 and

NF 59 shapes fall well within the overall spreads for each

stage. Comparing the three stages with the greatest ranges

in relative size among specimens (and thus signifying the

greatest potential for prolonged growth within a stage),

the shapes generally separate by size, with the largest

shapes usually falling closest to the center of the spread for

all stages (Fig. 5c,g,k,o,s). The separation of shapes by size is

most apparent for NF 46 shapes of the BA (Fig. 5o,s).

The most extreme shapes in each multivariate analysis as

identified by Mahalanobis distances are disproportionately

represented by NF 46–48 stages. Of the 10% of most

extreme shapes, one-third belong to NF 46–48 in the EFA of

the CH and two-thirds belong to these stages in the other

four analyses (data not shown). This compares with none of

the 17–27% of least extreme shapes belonging to NF 46–48

in four analyses and one-sixth of the 10% of least extreme

shapes belonging to these stages in the RWA of the CH.

Also, the NF 46–48 shapes generally cover half or more of

the spreads of all stages (compare Fig. 5d,h,l,p,t with

Fig. 5a,e,i,m,q), indicating that NF 46–48 shapes are rela-

tively diverse. Correlations between Mahalanobis distances

produced for the same shapes by RWA and EFA are weak (R

= 0.60 for CH, 0.58 for BA), indicating that although the

two techniques reveal similar trends with respect to stage,

they vary in their resolution of individual differences.

Cartilage size and shape in metamorphosis (NF 59–

66)

Cartilage size and shape changes could not be quantified

for metamorphosis in the same way as for tadpole growth

for several reasons. Landmarks disappear or become other-

wise unrecognizable (compare Fig. 1b,c; Appendix 1) as a

result of changes in surface topography from growth and

resorption within cartilages as well as on their surfaces

(Rose, 2009). Stage, which is the most appropriate variable

for representing developmental progress, is ordinal and

thus inappropriate for descriptive or inferential statistics.

Finding a size measurement to gauge developmental pro-

gress is confounded by profound changes in head and body

shape. Also, studies of internal anatomy require cross-sec-

tional data, which introduce variability in body size. Unlike

the starting body size for tadpole growth, which is rela-

tively uniform among individuals, the starting body size for

metamorphosis can vary considerably as a result of variation

in tadpole growth and developmental rates (Fig. 3b; Wilbur

Table 4 Regression data for major cartilage dimensions vs. body size in male and female frogs.

Regression

Males Females

P-value for males and

females having the same aa R N a R N

Bony LJ depthA vs. svl 0.951* 0.992 13 0.960* 0.995 11 0.8431 (N = 24)

CH length vs. svl 0.885* 0.967 12 0.936* 0.989 11 0.5667 (N = 23)

AP length vs. svl 0.946* 0.993 12 1.009* 0.997 12 0.1878 (N = 24)

TP length vs. svl 1.273 0.980 12 1.047* 0.997 12 0.0080 (N = 24)

HGF length vs. svl 0.934* 0.953 12 0.880 0.991 12 0.5631 (N = 24)

AP, alar process; CH, ceratohyal cartilage; HGF, hyoglossal foramen; LJ, lower jaw; TP, thyroid process.

*a not significantly different from 1 at P = 0.05.

Table 5 Regression data for cartilage widths vs. lengths in male and female frogs.

Regression

Males Females

P-value for males and

females having the same aa R N a R N

Bony LJ widthA vs. depthA 0.886 0.965 13 0.877 0.997 11 0.8946 (N = 24)

CH width2 vs. length2 0.352 0.557 12 0.578 0.931 11 0.2063 (N = 23)

CH width3 vs. length2 0.497 0.890 12 0.693 0.956 11 0.1016 (N = 23)

CH width4 vs. length2 0.976 0.917 12 0.987 0.973 11 0.9345 (N = 23)

CH width5 vs. length2 0.149 0.257 12 0.651 0.912 11 0.0190 (N = 23)

AP width1 vs. length 1.139 0.797 12 0.890 0.909 12 0.3925 (N = 24)

AP width2 vs. length 0.913 0.745 12 0.986 0.960 12 0.7674 (N = 24)

AP width3 vs. length 1.112 0.957 12 1.226 0.987 12 0.3702 (N = 24)

TP width vs. length 0.878 0.967 12 0.906 0.975 12 0.7903 (N = 24)

HGF width vs. length 0.671 0.490 12 1.052 0.667 12 0.5036 (N = 24)

AP, alar process; CH, ceratohyal cartilage; HGF, hyoglossal foramen; LJ, lower jaw; TP, thyroid process.
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& Collins, 1973; Rose, 2005, 2014). Additionally, as research-

ers might not appreciate the degree to which body size

decreases in frog metamorphosis, they could unwittingly

sample larger specimens at later metamorphic stages in an

effort to obtain a series of similarly sized specimens.

The following strategy was devised to control for body

size variation in cross-sectional data. Of 68 specimens that

were anesthetized and photographed at NF 58/59, 36 were

immediately processed for morphometric analysis and 32

were reared to NF 66 and then processed for morphometric

analysis. Of the 1152 possible pairings of NF 58/59 and 66

specimens, the 12 pairs whose members differed in head

size at NF 58/59 by < 1.7% were selected to estimate the

changes in LJ and CH dimensions that occur within individu-

als between NF 58/59 and NF 66. Figure 4i shows the shape

and relative size of the LJ cartilages and CH for members of

one pair.

Based on these pairs, the rectangle enclosing the LJ

becomes on average 83% deeper and 11% narrower

(ranges are 56–109% and 6–15%). Although the LJ appears

to become significantly longer, its inner and outer edges

increase by only 35% and 26%, respectively (28–41% and

17–33%). The LJ also becomes more tightly curved than in

tadpoles, especially in the portion medial to a new inflec-

tion point at landmarks LJ9 and LJ10 (Figs 1c and 2). The

middle portion of the MC (width4) becomes 27% thinner

(23–37%) and the volume of the MC + IR is estimated to

become 22% smaller (6–40%); this calculation is based on

the MC and IR having rectangular cross-sections at NF 58/9

and circular cross-sections at NF 66 (data not shown). The in-

frarostral fuses to MC and the posteromedial surface of the

fused cartilage acquires a ridge that abuts laterally with the

tip of the angulosplenial bone as described elsewhere

(Fig. 2; Sedra & Michael, 1957; Trueb & Hanken, 1992). Also,

the distal tip of the LJ separates from the rest of the carti-

lage soon after NF 66 (Fig. 2). This separation appears to

involve cartilage resorption and inward growth of the ang-

ulosplenial bone, rather than endochondral replacement.

Based on the NF 58/59–66 pairs, the CH becomes 20%

shorter and 74% thinner (6–26% and 58–86%), producing a

frog CH that was fully contained within the boundaries of

the tadpole CH, cylindrical and more longitudinally aligned

than the tadpole CH (Figs 2 and 4i). The BAs are resorbed

and replaced by newly chondrifying APs, TPs and a hyoglos-

sal plate with a central foramen (HGF).

Skeleton size and shape in frog growth (≥ NF 66)

The mandible (bony LJ) is comprised primarily of dentary

bone in its anterolateral part and angulosplenial bone in its

anteromedial and posterior parts (Fig. 2; Trueb & Hanken,

1992). Subdivision of the cartilage in the LJ after NF 66 pro-

duces two pieces that persist to adulthood as a posterolat-

eral bulb of cartilage in the distal tip of the mandible and a

thin rod of cartilage (cartilage LJ) in its anterior portion.

The greatest dimensions of the bony LJ, CH, AP, TP and

HGF scale differently from each other with respect to body

size (Fig. 6a; Table 1). Whereas greatest dimensions of the

a
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Fig. 4 TPSA deformation grids, average

contours and representative outlines for the

lower jaw (LJ), ceratohyal (CH) and branchial

arch (BA) cartilages in tadpoles and

metamorphs. (a–c) Grids showing

deformation of landmarks from NF 46 (red)

to 59 (green) average configurations for LJ

(a), CH (b) and BA (c). (d,e) elliptic Fourier-

generated average shapes for CH (d) and BA

(e) at NF 46 (red) and 59 (green). (f-h), same

as (a-c) but with left and right shapes

analyzed separately to show changes in

orientation of cartilages. (i) outlines of

representative LJ and CH shapes at NF 46 (no

stipple), 59 (light stipple) and 66 (dark

stipple). The NF 46 LJ is drawn with the same

anterior-posterior dimension as the NF 59 LJ;

the NF 59 and 66 LJ and CH are from a pair

of specimens with the same size at NF 59.
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Fig. 5 Scatterplots of first and second principal component scores from RWA and EFA of the lower jaw (LJ), ceratohyal (CH) and branchial arch

(BA) cartilages in tadpoles. (a–d) RWA of LJ, (e–h) RWA of CH, (i–l) EFA of CH, (m–p) RWA of BA, (q–t) EFA of BA. (a, e, i, m and q) Scores for all

left (red) and right (blue) cartilages at NF 46–59 (percentages in parentheses indicate variation explained by each component). (b, f, j, n and r)

Scores for only the NF 46 and 59 cartilages (larger groups) including the NF 46 and 59 replicates (smaller groups). (c, g, k, o and s) Scores for only

the three stages with the largest relative size ranges (symbol sizes indicate sizes of cartilages relative to the smallest cartilage at each stage). (d, h,

l, p and t) Scores for only the NF 46–48 cartilages.

© 2015 Anatomical Society

Quantifying cartilage shape change in Xenopus, C. S. Rose et al.584



bony LJ, CH and HGF scale negatively, AP length, which is

the largest dimension of the entire PA skeleton, scales iso-

metrically and TP length scales positively (Table 1). When

separated by sex, all greatest dimensions scale isometrically

with two exceptions: TP length scales positively in males

and HGF length scales negatively in females (Table 4).

As defined by their enclosing rectangles (Fig. 6b; Table 2),

the bony LJ scales isometrically and the cartilage LJ increases

slower in depth than width. This means that as it grows,

the cartilage LJ does not keep pace with the bony LJ and

becomes increasingly confined to the anteromedial portion

of the mandible (Fig. 7a). The cartilage LJ also becomes rel-

atively thinner in the one portion where its width is mea-

sureable (width5, Table 3) and the bony LJ becomes

relatively thinner outside the joint region (widths7 and 8).

At SVLs of 38–44 mm, the curvature of the bony LJ increases

near the joint so that the widest part of the gape moves

anterior of the jaw joint (Fig. 7a). The rectangle that

encloses the new most lateral and anterior points of the

bony LJ also scales isometrically (Fig. 6b; Table 2), meaning

that the new curvature is retained to larger sizes.

The four widths of the CH scale negatively with CH length

and its relative thinning is much greater than in other carti-

lages except where the CH attaches to the hyoglossal plate

(width4, Figs 6c and 7b; Table 3). The anterior portion of

the AP and the HGF scale isometrically, the posterior por-

tion of the AP becomes relatively wider, and the TP

becomes relatively thinner (Fig. 6d; Table 3).

When the bony LJ, CH, AP, TP and HGF are separated by

sex, males have lower a-values for most width-to-length

regressions than females (Table 5). However, the only a-

value that is significantly lower (P = 0.01) is for the male CH

width at its distal tip (width5), and this relationship also has

an exceptionally low R-value. The a-values for the male and

female TP width-to-length regressions are very similar

(Fig. 6e), indicating that once males attain a larger TP

(which appears to happen before gonad differentiation

and hence before the sexes could be distinguished in this

study), male and female TPs follow the same rate of relative

thinning.

Discussion

The functional significance of cartilage size scaling

Isometric or slightly negative scaling of PA skeleton size

with body size is consistent with previous studies on Xeno-

pus (Ryerson & Deban, 2010), not unusual for frogs (Larson,

2005) or other vertebrates (Radinsky, 1981) and not unex-

pected when exogenous feeding is critical at the onset of

growth and trophic demands do not change substantially

with growth (Emerson & Bramble, 1993). The LJ and CH of

Xenopus tadpoles are continually pumping when food is

available to maintain water flow through the buccopharyn-

geal cavity (Gradwell, 1971, 1975). Unlike most tadpoles,

Xenopus lacks gill filaments and relies upon an

overdeveloped and relatively immobile branchial skeleton

with finely elaborated gill filters and food traps to remove

particles from the flow and transfer them to the esophagus

(Seale et al. 1982). The BA surfaces have a secondary role in

gas exchange, which proceeds primarily through cutaneous

respiration and lung breathing (Feder & Wassersug, 1984;

Wassersug & Murphy, 1987). Adults, which lack a protrusi-

ble tongue, use the LJ for biting and prey capture and the

CH and hyoglossal plate for supporting the pharynx floor in

suction feeding, intraoral transport and lung ventilation

(Nishikawa, 2000; Carro~no & Nishikawa, 2010).

The AP and TP differ from the rest of the adult PA skele-

ton in scaling isometrically or positively with body size. As

in other aglossan frogs, the AP in Xenopus is unusually

large and appears to incorporate an anterior hyoglossal

process that sometimes forms separately in tongue-feeding

frogs (Ridewood, 1897a, 1899; Sedra, 1950; Sedra &

Michael, 1957; Chacko, 1965b; de Jongh, 1968). As in most

frogs, the TP in Xenopus helps support the larynx (Ride-

wood, 1897a; Sedra & Michael, 1957), which is used for

sound production by the adults of both sexes (Tobias et al.

1998, 2014) and is larger in males (Tobias et al. 1991).

The evolutionary significance of the LJ and CH shape

trajectories

Morphometric studies of amphibian cranial variation typi-

cally focus on entire skulls or skull regions at pre- or post-

metamorphic stages to address phylogenetic, functional or

developmental questions (Emerson, 1985; Larson, 2002,

2004, 2005, 2008; Jorgensen & Sheil, 2008; Ponssa & Candi-

oti, 2012). This study in contrast focuses on the individual

cartilages of a skull region throughout life, and separates

their shape trajectories into phases of pre- and post-meta-

morphic growth and metamorphosis. Quantifying shape

trajectories in this manner provides a framework for inves-

tigating how cartilage growth and metamorphic remodel-

ing are controlled at the level of individual cell behaviors

(Rose, 2009; Slater et al. 2009; Kerney et al. 2012) and

affected by mutations and exogenously applied hormones,

teratogens and environmental toxins (Huang et al. 1999;

Schreiber et al. 2001; Das et al. 2002; Du Preez et al. 2008;

Kerney et al. 2012; Vandenberg et al. 2012). Further, com-

paring multiple cartilages with similar embryonic origins

and different functions throughout life reveals how skele-

tal shape trajectories can be modified by selection on a

complex life history (Wassersug & Hoff, 1982; Alberch,

1987, 1989) and at the same time constrained by the cel-

lular and histological properties of cartilage tissue (Rose,

2009).

Xenopus has a relatively unspecialized rod-like LJ that

exhibits subtle shape changes in both growth and meta-

morphosis. In tadpole growth, the LJ increases faster in its

anterior–posterior dimension than in its lateral dimension.
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Whether this reflects a change in curvature, orientation or

both could not be determined by TPSA due to the inability

of landmarks to track homologous portions of a cartilage.

However, comparing representative shapes at NF 46 and NF

59 (Fig. 4i) suggests that as the MC becomes relatively

longer in growth, its anterior portion becomes straighter

and more in line with the infrarostral; the alignment of MC

and infrarostral is largely complete by mid-tadpole stages

(Fig. 2; Sedra, 1950; Trueb & Hanken, 1992). In metamor-

phosis, the LJ becomes absolutely longer and shorter in its

anterior–posterior and lateral dimensions, respectively, and

the increase in anterior–posterior dimension is much

greater than the increase in actual length (83% vs. 26–

35%). This finding highlights the limitations of anatomical

studies, which describe the LJ as ‘almost doubling in length’

but cannot distinguish between changes in actual length

and cartilage position (Berry et al. 1998). Comparing repre-

sentative shapes at NF 58/59 and NF 66 (Figs 2 and 4i) sug-

gests that the LJ shape change involves an increase in

curvature medially and an increase in length laterally. In

frog growth, the bony LJ grows isometrically, except for

becoming more curved laterally soon after sexual matura-

tion. The changes in LJ curvature and length collectively

lead to the gape becoming relatively narrower (or deeper)

in tadpole growth, absolutely narrower in metamorphosis

and relatively wider in frog growth.

The relative lengthening and decreasing curvature of the

MC in tadpole growth are interesting because they trans-

a b
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Fig. 6 Size and shape trajectories for PA

skeleton for frogs. (a) Log of major dimension

of lower jaw (LJ), ceratohyal (CH), alar

process (AP), thyroid process (TP) and

hyoglossal foramen (HGF) vs. log of body

size; (b) log of minor dimension of different

LJ rectangles vs. log of their major dimension

(f and m indicate sex); (c) log of CH widths

vs. log of CH length; (d) log of AP, TP and

HGF widths vs. log of their lengths; (e) log of

TP width vs. log of TP length for each sex.
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form the post-embryonic LJ of Xenopus (NF 46 in Figs 2 and

4i) into a more generalized and less tadpole-like shape (NF

55–59 in the same figures). Most tadpoles have a mobile su-

prarostral cartilage in the upper jaw and an infrarostral in

the LJ that is of similar shape and size to the MC but

aligned more laterally, anterolaterally or dorsomedially

than the MC to complement the suprarostral (Pusey, 1938;

Haas, 1999; Rocek, 2003; Haas et al. 2006, 2014). Xenopus

tadpoles are distinguished by having their upper jaw skele-

ton comprised of a broad, immobile suprarostral plate, the

edge of which remains straight and does not align with the

curving LJ until late tadpole stages (Trueb & Hanken, 1992).

Though the NF 46 LJ of Xenopus is more typical of tadpoles,

this configuration is inconsistent with the lack of a separate

suprarostral cartilage and with midwater buccal bumping,

which is not expected to require the medial portion of the

LJ being differentially aligned or independently mobile.

The NF 46 LJ configuration is consistent with the Xenopus

tadpole evolving from an ancestor with a separate supraros-

tral cartilage and becoming specialized for midwater sus-

pension feeding by changing the growth of its LJ rather

than changing its embryonic patterning.

In contrast to the LJ, the CH in Xenopus undergoes negli-

gible shape change during both growth phases, and

changes dramatically in both size and shape at metamor-

phosis. The only similarity between growth and metamor-

phosis is the shift to a more anteroposterior orientation,

which is more pronounced in metamorphosis than in tad-

pole growth. Unlike PA cartilages in amphibians and fish,

which generally resemble gently tapered or straight rods

and bars (de Beer, 1937), frog hyoid elements have very

diverse shapes (Ridewood, 1897a,b, 1898, 1899; Chacko,

1965a,b; Duellman & Trueb, 1986; Haas, 1999; Rocek, 2003).

The relatively heavy tadpole CH in Xenopus serves to over-

come the flow resistance of the branchial food traps used

in midwater suspension feeding (Wassersug & Hoff, 1982;

Ryerson & Deban, 2010). The exceptionally narrow adult CH

correlates with lack of a tongue and not having to anchor

the tongue skeleton during tongue protrusion. Both spe-

cializations appear unique to Xenopus, and are consistent

with complex life histories evolving by the progressive

divergence of embryonic and metamorphic patterning

(Wassersug & Hoff, 1982; Alberch, 1987). Two other pipid

frogs that also lack tongues and suction feed as adults, Hy-

menochirus and Pipa (Carro~no & Nishikawa, 2010), have

apparently diverged in different directions at metamorpho-

sis, one developing a stout, well-ossified adult CH and the

other losing its CH altogether (Ridewood, 1897a, 1899).

All rod- and bar-shaped PA cartilages in Xenopus, mean-

ing the LJ and CH of tadpoles and the cartilage LJ, CH and

TP of frogs, become relatively thinner or narrower during

growth. Whether this is also true of plate-shaped cartilages

like the AP and those of the pectoral girdle (Trueb & Han-

ken, 1992) was not addressed in this study. Because it

occurs throughout life, relative thinning of cartilages

might be a physiological requirement for oxygen supply to

keep pace with oxygen demand. As cartilage is avascular,

oxygen supply occurs by diffusion across its surface from

interstitial fluids, meaning that rates of oxygen supply and

demand follow a surface area-to-volume ratio that would

decrease if cartilage thickness increased proportionally

with size.

The LJ and CH becoming smaller in metamorphosis was

not anticipated by hypotheses about how complex life

histories evolve (Wassersug & Hoff, 1982; Alberch, 1987,

1989). This is not surprising given that there is no prece-

dent for skeletal tissue becoming smaller in the middle of

growth. The decrease in cross-sectional area of the LJ is

not accompanied by erosion of surfaces (Sedra & Michael,

1957) but is accompanied by a small increase in length,

which supports the hypothesis that rod- and bar-shaped

larval cartilages might generally rely upon a spatially inte-

grated mix of cell rearrangement, cell death and cell divi-

sion to become reshaped into longer, thinner adult

cartilages (Rose, 2009; but see Kerney et al. 2012). In con-

trast, the frog CH emerges from deep within the bound-

aries of the tadpole CH, which means that the adult

element shares no surfaces with the larval element and

likely arises from de novo morphogenesis within the re-

sorbing larval element (Rose, 2009). Indeed, the sequence

of three early NF 66+ stages in Fig. 2 reveals changes in

Alcian blue staining that point to rapid changes in cell

size and/or matrix secretion in the newly emerged adult

CH. Determining whether cartilage size or shape changes

of a certain magnitude necessitate a switch from reshap-

ing a larval cartilage to de novo morphogenesis of a new

adult cartilage and how tadpole cartilage histology

relates to the choice of cellular pathway awaits a

a b

Fig. 7 (a) LJ and (b) CH of representative

frogs at sizes spanning frog growth. Ventral

views, dark gray is bone, light gray is

cartilage, scale bars are 5 mm.
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comparative histological analysis of amphibian PA skeletal

development.

The developmental and evolutionary significance of

isometric cartilage growth

The present study is the first to quantify shape change dur-

ing growth of an amphibian PA skeleton. Notwithstanding

the changes in curvature and relative size of the LJ carti-

lages and relative thinning of most cartilages, growth of

the PA skeleton in Xenopus is very close to isometric. Iso-

metric growth implies that species-specific aspects (and thus

interspecific differences) of cartilage shape arise primarily in

embryonic patterning and metamorphic remodeling. This

contrasts with parts of the chondrocranium (Larson, 2004,

2005; Jorgensen & Sheil, 2008) and the limb skeleton (Emer-

son, 1986) in tadpoles of other species, which grow allomet-

rically and exhibit inter- and intraspecific and

ecophenotypic variation in shape at the start of metamor-

phosis.

One possibility for why the PA skeleton of amphibians

exhibits geometric similarity in the latter part of larval

growth is that it guarantees that metamorphic remodeling

proceeds from the same starting shapes regardless of varia-

tion in larval growth and developmental rates. Size at the

start of metamorphosis in lab-reared Xenopus laevis ranges

from 0.70 g to more than 1.71 g (Rose, 2014), and the upper

limit is likely greater in wild populations (Wager, 1986).

Metamorphosis of the PA skeleton in amphibians involves

complex, highly coordinated cellular processes that reshape,

rearrange and/or rebuild jaw, hyoid and other elements to

articulate with each other in new, precisely integrated feed-

ing motions (Alberch & Gale, 1986; Rose & Reiss, 1993; Rose,

2009). The transition is considered to be highly stressful as

the animal is poorly adapted to both larval and adult envi-

ronments, and for a short time unable to feed (Wassersug

& Hoff, 1982). A rapid transition to successful adult feeding

might thus depend on PA cartilages adhering to tightly con-

strained pathways of remodeling that start (and thus finish)

at fixed shapes.

In contrast, the limb skeleton and parts of the chondro-

cranium that vary in shape at the start of metamorphosis

(references above) exhibit metamorphic changes and post-

metamorphic functions that are expected to allow for

more variation in larval cartilage shape, some of which

could also carry over to post-metamorphic stages. The

limbs grow during metamorphosis and their function after-

wards is not tied critically to reaching a specific size or

shape at the end of metamorphosis (Emerson, 1986). The

otic capsule undergoes little change in shape or function

at metamorphosis, the muscular process of the tadpole pal-

atoquadrate is lost altogether and the trabecular horn

becomes part of the floor of an immobile nasal capsule

(de Beer, 1937; Pusey, 1938; Sedra, 1950; Sedra & Michael,

1957; Rocek, 2003).

The regulation of cartilage growth

The present study is also the first to provide evidence for

the ability to regulate cartilage shape in normal tadpole

growth. The multivariate analyses generally indicate that LJ,

CH and BA shapes are more variable and extreme (i.e. dif-

ferent from average) at lower stages than at higher stages.

The low spreads of replicate data argue against this being

an artifact of measuring small specimens. Also, the LJ, CH

and BA shapes at stages with large size ranges are generally

more variable and extreme at smaller sizes than at larger

sizes. These observations suggest that any shape variation

that emerges from embryogeny or arises in young tadpoles

is not perpetuated or amplified by either growth (meaning

specifically an increase in size) or development (meaning

progression through stages). Rather, tadpole growth and

development appear to reduce variation, which implies the

existence of growth and/or functional feedback mecha-

nisms that detect and correct abnormal shapes. This is sup-

ported by a previous report that cartilage shape

abnormalities induced by applying teratogens to Xenopus

embryos tend to be corrected in tadpole growth (Vanden-

berg et al. 2012).

The existence of mechanisms for regulating cartilage

shape during growth has implications for how the PA skele-

ton evolves in amphibians. Given the self-enclosed nature

of cartilage, its role in resisting stress with flexibility and

compressibility and its capacity to control tissue shape by

coordinating cell behaviors both internally and on its sur-

face (Rose, 2009), the shape-regulating mechanisms that

are hypothesized here to direct larval elements to their

appropriate starting shapes for metamorphosis might also

require them to grow and remodel as cartilage. Such mech-

anisms would also by definition resist change by local adap-

tation and ecophenotypic plasticity.

Interestingly, although cranial and articular cartilages in

mammals require mechanical stress for normal growth (Her-

ring, 1993; Hall, 2005), there is little evidence that cartilage

exhibits adaptive plasticity in shape. Most cranial cartilages

in embryonic mammals are constrained by bone, brain and

sense organs, and quickly replaced by bone. Food consis-

tency affects the shape and relative size of the condylar car-

tilage of the mammal mandible (Bouvier & Hylander, 1984;

McFadden et al. 1986; Bouvier & Zimny, 1987; Yamada &

Kimmel, 1991), but this effect is likely specific to cartilage

that is compressed between bones. The PA cartilages of lar-

val amphibians generally do not interface or articulate with

bone and, to our knowledge, there are no reports of

mechanically induced variation in the shapes of any PA car-

tilages in larval amphibians or fish including chondrichth-

yans. Suggestions that growth allometries in ranid tadpole

chondrocrania reflect ontogenetic changes in mechanical

loading (Larson, 2002) and that intraspecific differences in

these allometries arise from food differences (Larson, 2004)

are difficult to test. As small suspension feeders, Xenopus
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tadpoles are not likely to experience much ontogenetic or

environmental variation in loading of their PA cartilages.

The effect of gravity is offset by buoyancy, no hard material

ever contacts any cartilage (Wassersug & Hoff, 1979), and

though the LJ, CH and BA experience continual loading

when food is available, the greatest stress comes from

pumping water from the buccal cavity into the narrow pas-

sages of the branchial chamber (Gradwell, 1971; Ryerson &

Deban, 2010). Also, whatever changes and differences in

mechanical loading occur, amphibian PA cartilages might

generally respond to them more at the level of histology

than shape.

Setting aside the PA skeleton, it is also worth considering

how prevalent isometric growth is in amphibians and in car-

tilages that receive little or no mechanical loading.

Although some post-metamorphic frogs and salamanders

appear to grow isometrically in much of their bodies

(Sweet, 1980; Emerson, 1978; Kardong, 2012), studies of

skull growth and skull differences among species usually

indicate otherwise (Birch, 1999; Triepel & M€uller, 2014). As

far as we know, there are no reports of isometric growth in

other relatively unstressed cartilages, though external ear

cartilage poses an intriguing model given its variable mobil-

ity and function in mammals.

Concluding remarks

Quantifying the size and shape of amphibian cartilages

throughout life reveals patterns and directions of ontoge-

netic change that cannot be gleaned from anatomical stud-

ies or morphometric analyses of individual life history

periods. Indeed, the LJ of Xenopus exhibits subtle changes

in curvature in both tadpole and frog growth, and com-

bines changes in curvature, thickness and length at meta-

morphosis to produce a subtle, but complex shape change

that was previously recognized as simply an increase in

length. In contrast, the CH of Xenopus exhibits little shape

change in both growth periods and the adult CH emerges

from well within the borders of the larval CH, suggesting

that this remodeling is more aptly described as de novo

morphogenesis. Cartilage thinning, which is relative in

growth and absolute in metamorphosis, might reflect an

inherent constraint upon cartilage growth that is imposed

by using surface diffusion for gas exchange. That PA carti-

lage growth is otherwise close to isometric and that varia-

tion in PA cartilage shape decreases with tadpole growth

support the existence of shape-regulating mechanisms that

ensure the appropriate starting shapes for metamorphic

remodeling. Ongoing research to understand the cellular

basis of PA cartilage shape changes might shed insight into

these mechanisms. This study also points the way for com-

parative morphometric and histological analyses to unravel

the phylogenetic, functional and developmental influences

on post-embryonic cartilage shape in frogs and other verte-

brate taxa.
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Appendix 1: Landmark descriptions

External landmarks for head and body for NF 46–66

(red in Fig. 1a)

E1 Midline tip of snout.

E2 Posterior edge of heart in midline.

E3 Posterior edge of belly in midline.

E4 For NF ≥ 56 only, posterior edge of leg in midline.

E5 Where outer edge of head meets anterior curve of

pigmented surface of eyeball, ignoring skin fold right

next to the eye.

E6 Where outer edge of head meets posterior curve

of pigmented surface of eyeball, ignoring skin fold

right next to the eye.

E7 Outer edge of head lateral to the most lateral

point on the adjacent artery.

E8 For NF < 58, break in curvature or indentation that

is anterior of the forelimb and where outermost edge

of head meets outermost edge of belly region of

body. For NF ≥ 58, break in curvature where anterior

edge of arm meets outer edge of head, ignoring

outer edge of body.

E9 For NF ≥ 56 only, break in curvature where poster-

ior edge of belly meets anterior edge of leg, ignoring

outer edge of body.

Landmarks for LJ cartilages for NF 46–66 (red in

Fig. 1b,c)

LJ1 Most anterior point of IR on midline.

LJ2 Most posterior point of IR on midline.

LJ3 For NF ≤ 63 only, most medial point of medial

end of MC.

LJ4 For NF ≤ 63 only, most anterior point of medial

end of MC.

LJ5 Lateral end of MC: most lateral point on anterior

edge (anterolateral corner).

LJ6 Lateral end of MC: center of the edge of the bul-

bous tip.

LJ7 Lateral end of MC: most lateral point on posterior

edge (posterolateral corner).

LJ8 For NF ≥ 62 only, on posterior edge of MC at the

transition between thick medial portion and thin lat-

eral portion.

LJ9 For NF 46–59, halfway along anterior/outer edge

of LJ between LJ1 and LJ5. For NF 59–66, break in cur-

vature on the anterior/outer edge of LJ.

LJ10 Counterpoint to LJ9 on posterior/inner edge of

MC on a line through LJ9 that is approximately per-

pendicular to both edges of MC.

LJ11 For NF 59–66 only, on the anterior/outer edge of

MC that is at the thinnest part of MC within the first

quarter of the distance along the edge from LJ9 to LJ1.

LJ12 For NF 59–66 only, counterpoint to LJ11 on pos-

terior/inner edge of MC on a line through LJ11 that is

approximately perpendicular to outer and inner

edges of MC.

Landmarks for LJ cartilages and bones for NF ≥ 66

(red in Fig. 1d)

LJ1 Most anterior point of LJ on midline.

LJ2 Most posterior point of LJ on midline.

LJ5 Most lateral point of posterior piece of MC.

LJ6 Most posterior point of posterior piece of MC.

LJ7 Posteromedial corner of the bone in the lateral

end of LJ.

LJ8 Point on posterior edge of anterior piece of MC

at the transition between thick medial portion and

thin lateral portion.

LJ13 Point on anterior edge of anterior piece of MC

halfway between LJ8 and LJ15.

LJ14 Counterpoint to LJ13 on posterior edge of MC

on a line through LJ13 that is approximately perpen-

dicular to both edges of MC.

LJ15 Most posterior point of anterior piece of MC

(either tip or center of bulb).

LJ16 Break in curvature of the anterior edge of the

lateral end of LJ.

LJ17 Break in curvature of the posterior edge of the

lateral end of LJ (center of the ‘heel’).

Additional landmarks for the bony LJ in large-sized

frogs (red in Fig. 1e)

LJ1 Most anterior point of bony LJ on midline (pro-

jected from dentary edges if left and right dentaries

are not touching in midline).

LJ18 Most lateral point on anterior edge of bony LJ.

LJ19 Counterpoint to LJ18 on posterior edge of bony

LJ that is on a line that runs through LJ18 and is

approximately perpendicular to both anterior and

posterior edges of LJ.

LJ20 Point on anterior edge of bony LJ that is half-

way between LJ1 and LJ18.

LJ21 Counterpoint to LJ20 on posterior edge of bony

LJ that is on a line that runs through LJ20 and is

approximately perpendicular to both edges of LJ.

Landmarks for CH cartilage for NF 46–66 (green in

Fig. 1b,c)

CH1 Most medial point on anterior edge of CH (note

that left and right CH1s start to converge at NF 62–

63).

CH2 Most anterior point on anterior edge of CH.

CH3 Most lateral point of the anterior edge of the

CH (anterolateral corner).
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CH4 Posterolateral extremity/tip of CH (note that this

point becomes the most lateral point on the posterior

edge, or new posterolateral corner, of the CH in NF

≥ 62).

CH5 Most lateral point on the posterior edge, or pos-

terolateral corner, of the CH (note that this point is

lost to resorption of the posterior edge in NF ≥ 62).

CH6 Most anterior point on the concave posterior

edge of the CH.

CH7 For NF 46–60 only, most medial point on concave

posterior edge of CH.

CH8 For NF 46–60 only, most posterior point on

straight medial edge of CH.

CH9 For NF 46–61, point on anterior edge of CH on a

line that passes through CH6 and is perpendicular to

a line through CH5 and CH6. For NF ≥ 62, point on

anterior edge of CH on a line that passes through

CH6 and is perpendicular to the line through CH4

and CH6.

CH10 Posterolateral extremity/tip of CH for NF ≥ 63.

Landmarks for CH cartilage for NF ≥ 66 (green in

Fig. 1d)

CH1 Most medial point on anterior edge of CH

(where anterior edges of left and right CHs meet).

CH2 Most anterior point on anterior edge of CH.

CH3 Lateral end of CH: most lateral point on anterior

edge

CH4 Lateral end of CH: most lateral point on poster-

ior edge

CH6 Counterpoint to CH2 on concave posterior edge

of CH on a line that passes through CH2 and is

approximately perpendicular to both edges of CH.

CH7 Medial corner on posterior edge.

CH10 Lateral end of CH: the center between points

CH3 and CH4.

CH11 Point on anterior edge of CH about one-third

of the length along CH and at its widest part.

CH12 Counterpoint to CH11 on posterior edge of CH

on a line through CH11 that is approximately perpen-

dicular to both edges of CH.

Landmarks for BA cartilage for NF 46–60 (yellow in

Fig. 1b)

BA1 Most anterior point of branchial basket.

BA2 Medial corner of first gill slit.

BA3 Point where the outline* encounters the lateral

end of the first gill slit.

BA4 Indentation in lateral edge of branchial basket.

BA5 Point where the outline* departs from the med-

ial edge of the second slit.

BA6 Point where the outline* encounters the middle

of the lateral end of the second slit.

BA7 Point where the outline* encounters the medial

end of the third slit.

BA8 Point where the outline* departs from the lat-

eral end of the third slit.

BA9 Most posterior point of branchial basket, ignor-

ing the little extension if present.

*BA2, BA5, BA7, BA8, BA6 and BA3 are landmarked in that order

by tracing a smooth outline that encloses the gill slits.

Landmarks for HGF, AP and TP for NF ≥ 66 (violet in

Fig. 1d)

HGF1 Anterior edge of HGF in midline.

HGF2 Posterior edge of HGF in midline.

AP1 Most posterior point on concave anteromedial

edge of AP.

AP2 Most posterior point on posterior tip of AP.

AP3 Counterpoint to AP4 on lateral edge of AP on a

line through AP4 that is perpendicular to the central

axis of the AP.

AP4 Lateral edge of HGF approximately halfway

along its length.

AP5 Lateral edge of AP approximately halfway along

its length and where lateral and medial edges appear

parallel to each other.

AP6 Counterpoint to AP5 on medial edge of AP on a

line through AP5 that is perpendicular to the central

axis of the AP.

AP7 Lateral edge of alar process approximately three-

quarters along its length and where alar process

reaches maximal width.

AP8 Counterpoint to AP7 on medial edge of AP on a

line through AP7 that is perpendicular to the central

axis of the AP.

TP1 Where lateral edge of TP meets medial edge of

AP (larger specimens) or cartilage ring around HGF

(smaller specimens).

TP2 Most posterior point on posterior tip of TP.

TP3 Lateral edge of TP approximately halfway along

its length.

TP4 Counterpoint to TP3 on medial edge of TP on a

line through TP3 that is perpendicular to the central

axis of the TP.

Appendix 2: Criteria for calculating body size
and dimensions from photographs

Body size dimensions (Fig. 1a):

SBL: E1 to E3.

Head length: E1 to E2.

Head width1: E5L to E5R.

Head width2: E7L to E7R.

Cartilage dimensions (Fig. 1b–d):

LJ widthA, depthA: LJ6L to LJ6R, midpoint of widthA

line to LJ1.
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LJ widthB, depthB: LJ15L to LJ15R, midpoint of

widthB line to LJ1.

LJ widthC, depthC: LJ18L to LJ18R, midpoint of

widthC line to LJ1.

LJ outer length: LJ1 to LJ5 following cartilage edges

as closely as possible.

LJ inner length: LJ2 to LJ7 following cartilage edges

as closely as possible.

LJ width1 (unpaired, at median end of IR): LJ1 to LJ2.

LJ width2 (at median end of MC): LJ4 to LJ3.

LJ width3 (at lateral end of LJ): LJ5 to LJ7.

LJ width4 (at middle of LJ): LJ9 to LJ10.

LJ width5 (at thinnest part of LJ): LJ11 to LJ12 in NF

59–66, LJ13 to LJ14 in NF ≥ 66.

LJ width6 (at concavity near joint): LJ16 to LJ17.

LJ width7 (at widest part of gape): LJ18 to LJ19.

LJ width8: LJ20 to LJ21.

CH length1 for NF 46–66: CH1 to CH4.

CH length2 for ≥ NF 66: CH2 to CH10.

CH width1 for NF 46–66: CH6 to CH9.

CH width2 for NF ≥ 66: CH11 to CH12.

CH width3 (at anterior inflection point): CH2 to CH6.

CH width4 (at posterior tip): CH3 to CH4.

AP length: AP1 to AP2.

AP width1: AP3 to AP4.

AP width2: AP5 to AP6.

AP width3: AP7 to AP8.

TP length: TP1 to TP2.

TP width: TP3 to TP4.

HGF length: HGF1 to HGF2.

HGF width: AP4L to AP4R.
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